Introduction
Seri ous attempts to substitute in a fully artificial way the endocrine function of the pancreas started with the introduction of systems in which metabolic control was achieved by measuring intravenous glucose concentration and delivering the appropriate amounts of insulin intravenously. [1] [2] [3] [4] Subsequently, systems were introduced in which glucose was sampled intravenously and insulin was administered intraperitoneally. [5] [6] [7] With the advent of small subcutaneous (SC) continuous glucose monitoring (CGM) devices, new effort has been made to develop SC-SC closed-loop control, using CGM coupled with an insulin infusion pump, and a control algorithm. [8] [9] [10] To date, the only two clinical trials employing SC CGM and insulin delivery have been based on proportionalintegrative-derivative (PID) control, [9] [10] [11] an approach thus based on an algorithm that is purely reactive to blood glucose (BG) changes. This way of proceeding tends to overcompensate for postprandial BG peaks with a risk of subsequent hypoglycemia.
Moreover, PID is rather insensitive to the time delay inherent to the SC routes of glucose sensing and insulin delivery. Indeed, SC CGM measures glucose concentration in the interstitium, which is in equilibrium with BG presumably via diffusion processes. 12, 13 To account for the gradient between BG and interstitial glucose (IG), CGM devices are calibrated with capillary glucose, but calibration itself cannot eliminate the time lag due to BG-to-IG glucose transport and device processing time (instrument delay), which is typically of 5-15 minutes. 14 Furthermore, before affecting glucose metabolism, subcutaneously injected insulin must be delivered into systemic circulation; this process can take up to one hour 9 even with the rapid-acting insulin analogues.
Because of the limitations of PID, model-based 18 predictive control 9,15-17 (MPC) has gained favor for the following reasons: (1) a personalized model adapts better to individual glucose dynamics and may reduce the time delays inherent to SC glucose monitoring and SC insulin infusion, (2) a model-based approach allows for the use of meal or hypoglycemia detection methods, 19 and (3) a model can "learn" from daily life events (e.g., timing of meals) and then optimize the response to a subsequent meal using this information. [20] [21] [22] A new MPC algorithm for type 1 diabetes has been proposed, and its performance has been assessed in silico using a computer simulator based on a previously reported model of glucose metabolism, 23 an approach that has been accepted by the Food and Drug Administration as a substitute to animal trials. 18 However, to date, the testing of the MPC algorithm has never been performed in vivo, inside a clinical trial.
Here we present the results of pilot studies, performed at the Divisione di Malattie del Metabolismo of the University of Padova and at the Endocrinology Department of Montpellier University Hospital, on two sets of three type 1 diabetes subjects.
The main objective of this article is to present to the scientific community the experimental protocol used in this pilot study and to underline positive results but also cite some critical issues that arose during the trials. However, given the reduced number of patients studied to date, the present study does not aim to assess the performance of the MPC algorithm statistically nor to compare MPC versus other control strategy.
Methods

Subjects
In Padova, we studied three (two males, one female) type 1 diabetes patients using continuous subcutaneous insulin infusion. Their age was 36 ± 8 (mean ± standard error of the mean) years, duration of diabetes was 12 ± 8 years, hemoglobin A1c (HbA1c) at admission was 7.4% ± 0.1%, and body mass index (BMI) was 23.2 ± 0.3 kg/m 2 . Patients recruited at the Montpellier center had the following characteristics: three males, aged 48 ± 6 years, duration of diabetes of 29 ± 4 years, HbA1c of 7.3% ± 0.3%, and BMI of 28.4 ± 2.2 kg/m 2 ( Table 1) . Criteria for inclusion were 21 years of age or older, have type 1 diabetes for at least 2 years, use an insulin pump, and willing to use lispro insulin (Humalog ® , Eli-Lilly, Indianapolis, IN) for the duration of the inpatient study. Patients with insulin allergy, uncontrolled retinopathy, cardiovascular disease, hepatic or renal insufficiency, pregnant or lactating women and those intending to become pregnant, using a medication that significantly impacts glucose metabolism (e.g., oral steroids), or using a device that may pose electromagnetic admission began at 4:00 pm and ended at 1:00 pm on the following day. Subjects ate dinner (at 7:00 pm) and lunch with identical carbohydrate (CHO) content during both admissions following their usual habits and had identical morning mixed meal tests of Ensure Plus ® (Abbott Nutrition) containing 50 g CHO, 11 g fat, and 13 g protein at 7:00 am. In addition, 3 g of [6,6-2H2] glucose was added to the breakfast in order to segregate endogenous from exogenous glucose and to facilitate future modeling. Two days before each admission, two Freestyle Navigator CGM devices (Abbott Diabetes Care, Alameda, CA) were inserted. One major advantage of the device is that it can display a signal from measured IG every minute and communicate the estimated plasma glucose (PG) value in real time via a device provided by the manufacturer ("cradle") to an external central processing unit, which can also contain the implementation of the control algorithm. The glucose sensors were inserted into fatty tissue 5 mm under the skin on the lower abdomen and remained attached until compatibility issues and/or radiofrequency interference with the FreeStyle Navigator ® CGM device were excluded.
Procedure
Each patient had two 22 h overnight hospital admissions separated by 2-4 weeks (see Figure 1 ). Each hospital the end of the admission. The CGM signal was calibrated according to the manufacturer's guidelines with a finger stick BG using a glucometer at hours 10, 12, 24, and 72 after insertion. Additional finger sticks may be required if the initial calibration fails. At the time of admission, the patient's pump was substituted with an OmniPod ® insulin pump (Insulet Corp., Boston, MA), which was used for BG control throughout the hospital studies.
Admission 1 used open-loop control with the subjects following their usual insulin routine. As shown in Figure 1 , CGM data were collected every minute until the end of the experimental session. A 22 gauge intravenous line was placed in a forearm or antecubital vein for sampling of PG and insulin, which were measured with a Beckman glucose analyzer in Padova and a YSI Stat 2300 Plus in Montpellier, every hour from 5:30 pm to 6.30 am, and they were measured more frequently after breakfast (at 7:00 am, 7:10 am, 7:20 am, 7:30 am, 8:00 am, 8:30 am, 9:00 am, 9:30 am, 10:00 am, 10:30 am, 11:00 am, 11:30 am, 12:00 pm, and 12:30 pm).
As for admission 1, two days before each admission, two Freestyle Navigator CGM devices were inserted. At the beginning of admission 2, the CGM system that performed better during the previous two days was designated as primary and connected to the PC using the "cradle;" this allowed us to transfer CGM data to the control algorithm every minute, running on the PC. Predinner insulin bolus (before closed loop starts) was controlled by the attending physician based on patient diary and CHO intake. The MPC closed-loop control started at 10:30 pm. Based on the CGM data automatically transferred to the PC, the control algorithm suggested insulin boluses every 15 min, which, if accepted, were programmed into the insulin pump by the attending physician. This was done for safety reasons, allowing the physician to override insulin delivery at any time if it was considered dangerous for the patient. Thus the control was not fully automated but was still a closedloop control, even if "physician supervised." Reference BG was measured every 30 min, using a Beckman glucose analyzer or a YSI, from 5:30 pm to 6:30 am while they are measured more frequently after breakfast (at 7.:00 am, 7:10 am, 7:20 am, 7:30, 8:00 am, 8:30 am, 9:00 am, 9:30 am, 10:00 am, 10:30 am, 11:00 am, 11:30 am, 12:00 pm, and 12:30 pm); the protocol also required switching to more frequent sampling of 15 min reference BG sampling if hypoglycemia occurred or was imminent. Fast-acting CHO (usually glucose tablet) was given when reference BG fell below 70 mg/dl, regardless of the readings of the two CGM devices.
The design of the protocol, with two experimental sessions under the same experimental conditions (time and CHO content of the meals) apart from insulin delivery (standard therapy during admission 1 versus closedloop controlled insulin delivery during admission 2), has two main advantages. First, it allows a comparison of algorithm performance against the standard therapy adopted in the same subjects, thus avoiding possible artifacts due to intersubject variability. Then the data collected during the first admission allowed for personalizing, at least in part, the MPC algorithm (at least 2 weeks passed between the first and the second admission in order to have time to analyze the blood samples and provide measurements of glucose and insulin concentrations).
The adopted MPC algorithm is the unconstrained linear MPC proposed in Reference 17, where all the mathematical details can be found, designed, and tested preclinically using independently developed and validated computer simulation environment. 18 Briefly, the MPC suggests the optimal amount of insulin to be infused in the next 15 min based on the CGM data measured in the past 45 min, the insulin administered in the past 45 min, and the predicted CGM in the future 240 min, this last element being obtained by a mean model of the system and future meal information. The use of an extended prediction horizon guarantees a better regulation even without very accurate predictions. The suggested amount of insulin is obtained by minimizing the difference between the predicted glucose and the target while penalizing the use of large amounts of insulin. The balance between the two is weighted by a parameter, q, which represents the "aggressiveness" of the control algorithm: high values of q allow the algorithm to administer more insulin in order to rapidly reach the target BG; conversely, with low values of q, large amounts of insulin are discouraged. The "aggressiveness" of the MPC algorithm is calculated using clinical parameters of the patient, such as individual body weight (kg), average total daily insulin use, CHO ratio, and premeal PG and insulin concentrations. Some advantages of the considered MPC scheme are that it is easily implementable on any hardware platform because real-time optimization is avoided and the individualization is based on a few well-known parameters of the patient. Similar to the observations in Padova, the main benefit of algorithm-guided insulin delivery was the avoidance of hypoglycemic deviations at night. However, due to a too weakly aggressive insulin delivery in patient MPL-001 (q was 16 x 10 -4 ; in all likelihood, a higher q value would have provided a better glycemic control), mean BG was kept too high at night during the closed-loop trial. Of note, the stability of nighttime glucose levels during closed-loop trials was much better in all three cases than with usual insulin delivery rates.
Results
Overnight mean BG levels were 91, 137, and 98 mg/dl versus 181, 119, and 111 mg/dl during open-versus closed-loop trials in the three cases (MPL-001, MPL-002, and MPL-003), respectively. Corresponding overnight percentage of time above 140 mg/dl was 11, 33, and 11 versus 100, 11, and 0. Postbreakfast BG levels were 128, 198, and 213 versus 236, 145, and 201 mg/dl. Altogether, glucose levels appeared better during closed-loop control in two cases out of three.
Discussion
In this article, we report preliminary studies in six type 1 diabetes patients who underwent closed-loop trials using a SC glucose sensor and a wearable insulin pump. For this purpose, the main component of MPC, a model linking insulin infusion and meal ingestion to glucose excursions, was used. The model enables the prediction of future glucose excursions resulting from projected insulin infusion rates, thus enabling the construction of insulin infusion rates leading to a predefined target glucose excursion.
One of the main expected benefits of the model predictive approach 17 over other prediction models such as previously tested PID-based systems 9-11 is that premeal insulin increase is suggested by the MPC on the basis of individual tailoring of the algorithm to the patient's routine evaluated from data of a previous open-loop trial. This is possible only with an MPC-type controller, whereas control algorithms that are purely reactive to glucose changes, such as PID, would deliver the entire amount of insulin needed to cover the meal after it has occurred with the risk of postprandial hypoglycemia.
Although MPC appears, in theory, superior to PID and the ideal approach to control both fasting and postprandial PG levels, we faced several problems that can be seen in the profiles of each subject.
In subject PD-001 (Figure 2) , one can observe a different reaction to dinner, even with the same amount of insulin injected. However, during closed loop, glucose was slowly brought at euglycemia before breakfast, without risk of hypoglycemic events. On the other hand, after breakfast, glucose was higher than during open loop, and this may be due to the small "aggressiveness" of the algorithm (q was 1.5 x 10 -4 ); in all likelihood, a higher q value would have provided a better glycemic control. As a matter of fact, as indicated by the black bars, less insulin was delivered during closed loop and a prebreakfast insulin bolus was absent.
From the profile of subject PD-002 (Figure 3) , one can observe that, during the night, the glycemic control was good. However, just before breakfast, PG was close to the hypoglycemic threshold. As a result, the algorithm delayed insulin delivery from the beginning of the food intake, as indicated by the absence of black bars. This resulted not only in poor glycemic control, but also an exaggerated, late insulin delivery, which produced hypoglycemia.
From the profile of subject PD-003 (Figure 4) , a discrepancy between suggested and given insulin is evident from 10:30 to 11:30. There, PG was around 70 mg/dl while the sensor was 15 mg/dl higher. Therefore, our clinical judgment was to refute the suggestion of injecting insulin in order to reduce the risk of hypoglycemia. In this case, the right amount of insulin delivery (judged by the attending physician) and the timed delivery of insulin before breakfast resulted in a fairly good metabolic control. These first trials emphasize the concept that the presence of early and timed insulin release in response to the breakfast is essential to obtain a fair control of postprandial glucose excursion. The importance of this approach is particularly important also because, needless to say, the delivery of insulin takes place in the peripheral circulation.
In patient MPL-001, who was the only case of worst glucose control during the closed-loop trial, the failure comes from the lack of algorithm-guided increment of insulin delivery while the patient had his BG level stable but close to 180 mg/dl. Aggressiveness of the MPC algorithm (q = 16 x 10 -4 ) was clearly insufficient in this case. However, it is very difficult to predict what would have been the optimal q for this patient. For sure, it would have been higher than that actually employed. It is probable that the patient's relatively high BMI (31.6) may have played a role in this issue.
Nighttime control was excellent in patient MPL-002. Of note, the algorithm allowed an effective control of the dawn phenomenon that occurred in the open-loop trial thanks to a suggested increased insulin delivery in the last period of the night. This is not surprising since, even if the control algorithm had been tuned on a simulator, which did not include the dawn phenomenon, the ability to correct for unaccounted disturbances is one of the major advantages of a closed-loop compared to an openloop strategy. In fact, the algorithm is informed every 15 min about glucose level and its rate of change, and if an unexpected increase in glucose is detected, insulin is delivered to reduce glucose excursion. In contrast, bolus delivery at early breakfast time was not sufficient to obtain a control of the postmeal excursion that was similar to that observed with open loop. Subsequent boluses guided by the algorithm to limit postbreakfast excursion led to postmeal hypoglycemia.
Hypoglycemia at nighttime was well prevented by the insulin delivery tuned by the algorithm in patient MPL-03. A similar failure to limit postbreakfast excursion occurred as in patient MPL-002, although it was not followed by hypoglycemia.
In conclusion, this preliminary set of studies, where CGM together with insulin pumps were linked to models of the human metabolism and control algorithms, has demonstrated that closed-loop control based entirely on SC glucose sensing and insulin delivery is feasible and can be applied in the clinical settings to optimize the glucose control in patients with type 1 diabetes.
In most cases, the algorithm showed a good efficiency in maintaining BG in a safe range at nighttime. In contrast, postbreakfast glucose excursions were poorly anticipated and mastered by the algorithm. The algorithm needs to be further improved to fully allow a condition of normoglycemia.
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